The flammability in oxygen-enriched atmospheres of commercially pure (CP) titanium rods as a function of diameter and test gas pressure was determined. Test samples of varying diameters were ignited at the bottom and burned upward in 70 % O 2 /balance N 2 and in 99.5+% O 2 at various pressures. The burning rate of each ignited sample was determined by observing the apparent regression rate of the melting interface (RRMI) of the burning samples.
To assist in a failure analysis, the NASA Johnson Space Center White Sands Test Facility (WSTF) Oxygen Group was asked to determine the flammability of commercially pure (CP) titanium as a function of test sample diameter, test gas pressure, and oxygen concentration.
Experimental

Test Samples
The test material was CP titanium (Grade 2), UNS R50400, with a composition (weight were wound through the slot and 4 wraps were wound on top of the wraps in the slot (Fig. 3 ). For the 1/4-in. (6.4-mm) diameter sample, a total of 8 wraps of 1/32 in. (0.8 mm) diameter were used: 5 wraps were wound through the slot and 3 wraps were wound on top of the wraps in the slot ( Fig. 3 ).
Test Apparatus
The tests were conducted in the WSTF High Pressure Promoted Combustion Test Facility. It comprised a 757-in 3 (12 liters) test chamber ( Fig. 4) , a 6000-psi (41-mPa) oxygen supply system, a 3000-psi (21-mPa) mixed gas supply system, pressure recording equipment, and 200 frame per second high speed digital camera. The digital camera was used to record test sample burning by observing the regression rate of the melting interface (RRMI) as it progressed up the test sample after ignition. The video images were recorded through a 2-in. (5-cm) diameter sapphire sight glass located adjacent to the bottom end of the test sample.
The test samples were suspended vertically and ignited at the bottom using multiple wraps of resistively heated Grade 2 titanium wire. If the test sample did not propagate, a posttest inspection of each sample verified that it had been melted by the igniter wire to ensure the test was valid.
Test Procedure
The samples were washed in soapy, deionized water for 5 min, rinsed ten times with deionized water, and blown dry with filtered nitrogen. The samples were individually heat-sealed in clean polyethylene bags.
Just prior to testing, each sample was removed from its bag and the igniter wire was installed. The sample was then mounted vertically in the chamber, being secured at the top ( Fig. 5 ). The igniter leads were connected to the electrical power supply feed-throughs ( Fig. 5 ), and the chamber was sealed. The chamber was purged three times to 500 psig (3.5 mPa) using the test gas and vented to ambient pressure. After purging, the test chamber was pressurized to the test pressure, the data acquisition equipment was turned on, and the igniter was initiated by applying power. The test results were observed and recorded. The test chamber was vented, purged, and opened, allowing the sample's posttest condition to be observed. The burn rates (RRMI) were calculated using measurements taken from the digital video recordings. 
Test Conditions
Results
Uncertainty Analysis
The reported RRMI for each test was determined by analysis of the digital video recordings. Data sets of elapsed time after the camera trigger point and pixel location were obtained at the first moment of drop separations. Calculations from drop-to-drop differences of melting interface locations divided by the corresponding difference of elapsed time produced the reported RRMIs. This method contains four sources of measurement error which give rise to RRMI uncertainty. Uncertainty in the RRMI was introduced by the error associated with jitter in the camera clock; pixel bleed due to brightness of the event; melting interface position determination by operator judgment; and tilt of the melting interface due to precessional motion of the molten burning mass attached to the sample rod [5] . Of these error sources, the last two are by far the dominant sources of error.
The digital camera used to record video images has a highly accurate clock; and since the images were recorded at 200 frames per second of a slow event, the timing error adds very little to the uncertainty of the RRMI determinations. The bleed of brightness from the molten droplet over the melting interface area of the image could have introduced the dominant source of position determination error. However, by adjusting the brightness and contrast of each video recording before the melting interface location was obtained, that error source was reduced to an insignificant level.
The two remaining sources of error were the major contributors to uncertainty in the five rod diameter cases, and both are related to distance measurements. At the zoom level used for video recordings, an operator could only reliably determine position of any point to within ± 1.5 pixels. This translated into a worst case error of ± 2.7 % for distance and therefore RRMI for all recordings.
The natural random tilt of the melting interface due to the precession of the molten, burning droplet around the bottom end of the test sample was another dominant source of error. At the smallest two rod diameters, the uncertainty due to operator melting interface determination dominated. At the larger three sample rod diameters, uncertainty due to melting interface tilt dominated. The estimated total uncertainties are listed in Table 1 . A plot of the RRMI as a function of test sample cross-sectional area is shown in Figure 7 . When the cross-sectional area of the test sample was less than 0.0123 in 2 (0.0794 cm 2 ), or the diameter of the test sample was less than 1/8 in. (3.2 mm), the burning rate increased dramatically.
Tests in 70 % O 2 /balance N 2 at 200 psia
All the test samples supported burning and burned completely in 70 % O 2 /balance N 2 at 200 psia (1.4 mPa) ( Table 3 ). The RRMI decreased with increasing test sample diameter.
A plot of the RRMI as a function of test sample cross-sectional area is shown in Fig. 8 . Table 4 . As expected, the burning rate (RRMI) increased with increasing pressure and all the samples burned completely, once ignited.
A plot of the RRMI as a function of test gas pressure is shown in Fig. 9 . A least squares curve fit through the burning rate data yields a logarithmic function which describes the burning rate as follows (Eq. 3): RRMI = 0.0732 ln(A) -0.1769
(3) Where:
RRMI = regression rate of the melting interface (burning rate) [in/s] A = test sample cross-sectional area [in 2 ]
Tests in 99.5+% Oxygen
The test results of 1/8-in. (3.2 mm) diameter CP titanium (Grade 2) rods in 99.5+% O 2 as a function of test gas pressure are shown in Table 5 . Every sample burned completely once ignited and, as expected, the burning rate (RRMI) increased with increasing pressure.
A plot of the RRMI as a function of test gas pressure is shown in Fig. 10 . A least squares curve fit through the burning rate data yields a logarithmic curve which describes the burning rate as follows (Eq. 4):
RRMI = 1.1135 ln(A) -2.8163
(4) Where:
RRMI = regression rate of the melting interface (burning rate) [in/s] A = test sample cross-sectional area [in 2 ]
Discussion
It is clear that CP titanium will undergo complete, self-sustained burning if ignited in 70 % O 2 /balance N 2 . In addition, it is evident that the burning rate, as indicated by the RRMI, increases as the cross-sectional area decreases. In test gas pressures of 25 and 200 psia (0.2 and 1.4 mPa), the burning rate increased dramatically when the cross-sectional area was less than 0.0123 in 2 (0.0794 cm 2 ), which corresponds to a test sample diameter of 1/8 in. (3.2 mm).
Effect of Test Gas Pressure (70 % O 2 /balance N 2 )
When test gas pressure was increased, the burning rate increased for all diameters of CP titanium tested. The magnitude of the increase ranged from 3.3 times for the 1/8-in. Fig. 11 .
Effect of Oxygen Concentration
The effect of oxygen concentration on the burning rate of 1/8-in. in the mixed gas test atmosphere. It is surmised that the N 2 significantly increased the heat transfer from the burning test sample at elevated pressure, reducing the effect of the greater quantity of oxygen available at that pressure. Direct comparison to previous flammability studies [6, 7] of titanium and titanium alloys in O 2 -enriched atmospheres is not possible, because in those studies burning rates were not measured. They presented threshold pressures (the minimum pressure required to support selfsustained burning) but did not record RRMI. It was observed in the McIlroy paper [7] that 1/8 in.
(3.2 mm) diameter CP titanium (ERTi-2) welding filler rods will support burning at oxygen concentrations lower than 70 % O 2 /balance N 2 . They report that in 60 % O 2 /balance N 2 , CP titanium (ERTi-2) will not support burning at 24.7 psia (0.17 mPa) but will burn at 39.7 psia (0.27 mPa) once ignited. In 50 % O 2 /balance N 2 it will not burn at 39.7 psia (0.27 mPa) but will at 64.7 psia (0.45 mPa). In 40 % O 2 /balance N 2 , they report no self-sustained burning at 114.7 psia (0.79 mPa) but self-sustained burning at 214.7 psia (1.48 mPa). And finally, they observed no self-sustained burning at up to 214.7 psia (1.48 mPa) in 30 % O 2 /balance N 2 . 
Conclusion
